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Abstract 
Twenty-four participants, consisting of six sibling pairs and six non-sibling pairs, 
participated in this study investigating the familiality of auditory evoked potentials (AEPs). 
The auditory brainstem response (ABR) recorded at high stimulus rates, revealed that Wave 
V latency increases, while amplitude decreases as stimulus rate increases. ABR Wave V 
latency was also found to increase with click position within a stimulus train, plateauing by 
the third stimulus. No evidence for familiality was found with respect to the ABR Wave V 
under these conditions. The late latency response (LLR) components N1 and P2 were found 
to decrease between the first and second stimulus within a stimulus train, with evidence of 
familiality found in the N1 decrement, as indicated by a higher correlation for siblings. 
Correlations between the ABR and LLR components were also investigated; for the first tone 
in a stimulus train, a significant correlation was found between the P2 amplitude and Wave V 
amplitude for the Sibling group. 
 
Keywords 
Auditory Evoked Potentials, Familiality, Auditory Brainstem Response, Late Latency 
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1 Literature Review 
When an individual hears a sound, acoustic information is transformed from a 
mechanical vibration into an electrical signal in the inner ear.  This electrical signal is 
further processed and then transferred through the auditory pathway in both a temporal 
and spatial manner. The electrical activity can be recorded on the scalp using 
electroencephalography (EEG) and averaged to detect the neural responses that occur 
specifically in response to the sound.  
Event related potentials (ERPs) are time-locked brain responses to some “event”, which 
can include acoustic, visual, or some other sensory stimulus. Auditory evoked potentials 
(AEPs), a form of ERP, are time-locked voltage changes to the presence of a sound 
stimulus. These voltage changes are generated by auditory system neurons, from the 
cochlear nerve up to the cortex, occurring in response to the repetition of a sound.  The 
electrical activity to each stimulus is recorded and averaged, to lower the signal to noise 
ratio of the AEP, as a single response is low in amplitude and embedded in the 
background noise. The auditory brainstem response (ABR) is an early onset AEP, 
followed by the middle latency response (MLR) and the late latency response (LLR).  
1.1 Auditory Brainstem Response (ABR) 
The auditory brainstem response (ABR) is an AEP that occurs following the onset of an 
acoustic stimulus. The ABR occurs within 15ms of stimulus onset and is caused by 
synchronous electrical activity generated by neurons in the VIIIth cranial nerve and the 
auditory brainstem.  The ABR consists of seven Waves, (labeled I – VII) with Wave V 
having the greatest amplitude (Jewett, Romano, & Williston, 1970). In humans, the major 
generators are: Wave I from the ipsilateral distal VIIIth auditory nerve, Wave II from the 
ipsilateral proximal VIIIth nerve, Wave III from the ipsilateral cochlear/superior olivary 
complex, Wave IV from the lateral lemniscus and its nucleus, and Wave V from the 
contralateral distal lateral lemniscus/inferior colliculus (J. W. Hall, 2007). Wave V is the 
wave of largest amplitude of the ABR (Figure 4 in Chapter 2), and will be the primary 
focus for the remainder of this dissertation.  
2 
 
A number of factors determine the latency of ABR Waves.  These factors include the 
time required for activation of the cochlea (cochlear activation time), the synaptic delay 
between inner hair cells and auditory nerve fibers, and the neural conduction time along 
the auditory brainstem (Don, Ponton, Eggermont, & Kwong, 1998).  These structures and 
their functions are influenced by both environmental factors, genes and their interactions.  
1.1.1 High Rate ABR using CLAD 
Collecting AEPs at different stimulus response rates can be used to study adaptation, a 
phenomenon influenced by synaptic transmission and neural refractory period effects. As 
stimulus rates increase, the amplitude of the ABR Wave V decreases (R. Burkard, 1991; 
Leung, Slaven, Thornton, & Brickley, 1998) and latency of the ABR Wave V increases 
(R. Burkard, 1991; Leung, Slaven, Thornton, & Brickley, 1998; J. L. Stone et al., 2009)  . 
This is particularly clear as the ABR stimulation rate increases from conventional 
(between 9 – 99/s) to very high rates (between 100-1000/s), (R. Burkard, 1991; Leung, 
Slaven, Thornton, & Brickley, 1998; Picton, Champagne, & Kellett, 1992)  . The 
proposed biological mechanisms behind this phenomenon involve neural adaptation or 
fatigue that could be the result of neural refractory period effects or synaptic inefficiency 
(J. L. Stone et al., 2009). Wave I latency typically remains constant with increasing 
stimulation rate (R. F. Burkard & Sims, 2001; J. W. Hall, 2007; Picton, Champagne, & 
Kellett, 1992), involving only one synaptic relay between the inner hair cell and afferent 
neurons.  However, as stimulation rate increases, the efficacy of neuronal firing from the 
ipsilateral distal VIIIth auditory nerve to the contralateral distal lateral lemniscus/inferior 
colliculus decreases (J. L. Stone et al., 2009) given multiple synapses and a longer 
pathway.  Since Wave I latency typically remains relatively constant and arises from the 
auditory nerve, we use Wave V latency as an indicator of brainstem adaptation.  Wave V 
is more susceptible to cumulative effects of neural firing and synaptic function along the 
brainstem pathway, and is also the largest peak and therefore less susceptible to noise (J. 
L. Stone et al., 2009). 
ABR methods that use high ABR stimulation rates with interstimulus intervals that 
approach the refractory period of neurons, are valuable for detecting auditory neural 
pathology (Jacobson, Murray, & Deppe, 1987) and provide some insight into the 
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developmental dependencies of adaptation (Polyakov & Pratt, 2003). However, 
increasing the stimulus rate will eventually cause responses to overlap. The continuous 
loop averaging deconvolution (CLAD) method was developed as a way to average out 
overlapping AEP responses (Delgado & Ozdamar, 2004).  By utilizing the CLAD 
method, complex Waveforms created by overlapping responses are deconvolved to create 
simple Waveforms.  These simple Waveforms allow for easier analysis and thus the 
CLAD method is a useful tool for analysis of ERP Waveforms presented at very high 
rates. 
The ABR Wave V latency and amplitude has been found to change as a function of 
stimulus presentation rate (R. Burkard, 1991; Leung, Slaven, Thornton, & Brickley, 
1998; J. L. Stone et al., 2009). As with conventional stimulation rates, there is a clear 
positive relationship between stimulus rate and Wave V latency, and an inverse 
relationship between stimulus rate and Wave V amplitude, which is maintained as the 
stimulus rate continues to climb above 100/s. At these high rates, inter-individual 
variation in Wave V is similar to that observed at conventional stimulation rates within 
the normal hearing population, as indicated by the standard deviations around mean 
latency and amplitude observed in different studies.  For example, in one study, the mean 
latency of Wave V in ten healthy individuals was 6.4ms, with a standard deviation of ± 
0.6ms at a conventional rate of 18.89 clicks/s, and increased to 7.0 ms, with a standard 
deviation of ± 0.3ms at a high rate of 333.3 clicks/s (Picton, Champagne, & Kellett, 
1992). In another study of 8 normal hearing individuals, Wave V latencies increased from 
5.813 ± 0.223ms to 7.095 ± 0.420ms when stimulus rate increased from 30.3 to 250 
clicks/s (R. Burkard, 1991). In the same study, Wave V amplitudes were found to 
decrease from 0.4764 ± 0.1078µV to 0.1329 ± 0.0415µV under these conditions (R. 
Burkard, 1991).  
1.1.2 ABR and Stimulus Train 
Using trains of stimuli, it is possible to evaluate how the ABR changes occur over time 
with repeated stimulation. This is accomplished by comparing the latency and amplitude 
of the separate ABR responses to individual stimuli within the train.  Adaptation of the 
ABR has been previously studied by measuring Wave V changes in response to stimuli 
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that occur at different positions within a train (Polyakov & Pratt, 2003).  Latency and 
amplitude of ABR components in 15 normal hearing subjects using a 10-stimulus click 
train presented at 50dB nHL were studied (Polyakov & Pratt, 2003). Individual clicks 
within a train had an interstimulus interval of 11 ms, while the click trains were separated 
by an interval of 96ms, allowing the auditory brainstem enough time to recover from its 
previous responses. Wave V latency increased with click position, with statistically 
significant differences occurring by the third stimulus, and the latency plateauing by the 
same click (Polyakov & Pratt, 2003).  Other studies have confirmed this pattern, with 
ABR Wave V latencies increasing, and amplitudes decreasing with click position in a 
train, with adaptation found to occur by the third or fourth stimulus in the train (Don, 
Allen, & Starr, 1977; Eggermont & Odenthal, 1974; Eggermont, 1985). 
1.2 The Late Latency Response (LLR) 
The late latency response (LLR) is an AEP that is made up of several different peaks, the 
P1, N1, P2 and N2. The LLR occurs approximately 50ms after stimulus onset, and begins 
with a positive peak of the P1, followed by the negative N1, positive P2 and negative N2. 
The N1 response is a large negative peak occurring between 80-140ms post stimulus 
onset, while the P2 is a large positive peak occurring between 140-250ms post stimulus 
onset (Boutros et al., 2004).  
The various peaks of the LLR originate from different areas of the neural network. The 
P1 originates from the secondary auditory cortex, the N1 has multiple generators in the 
primary auditory cortex, the frontal lobes, and midbrain, the P2 originates from the 
thalamic reticular activating system, and the N2 has non-specific subcortical origins as 
reviewed by (Bishop, Hardiman, Uwer, & von Suchodoletz, 2007; Burkard,R.F., Don M., 
Eggermont, J,J., 2007).  For the purpose of this thesis, we will focus on the N1 and P2 
responses, the largest responses of the LLR and the most studied.  See Figure 5 in 
Chapter 2 for a sample recording of the LLR. 
1.2.1 The LLR N1 Evoked by a Stimulus Train 
Research on AEP changes that occur over time, in response to a train of stimuli, and 
inter-individual differences in this response, has focused mainly on the cortical level.  As 
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a stimulus is repeated, the amplitude of N1 decreases, a phenomenon known as the N1 
response decrement or sensory gating.  For N1 group data, some report that the greatest 
N1 decrement occurs at the second presentation of the stimulus within the stimulus train, 
and this decrement increases as the interval between stimuli decreases (Zhang, Eliassen, 
Anderson, Scheifele, & Brown, 2009).  Inter-individual differences in AEPs, rather than 
group data, are valuable for evaluating variability with respect to temporal aspects of 
auditory neural processing.   Significant variation between subjects is observed in the N1 
response decrement pattern, when individual rather than group data are considered 
(Budd, Barry, Gordon, Rennie, & Michie, 1998; Rosburg, Zimmerer, & Huonker, 2010; 
Sable, Low, Maclin, Fabiani, & Gratton, 2004; Soros, Michael, Tollkotter, & Pfleiderer, 
2006)  . Several different mechanisms associated with the cortical level neural circuitry 
have been proposed as being responsible for the N1 decrement, including differences in 
the refractory period of neurons (Rosburg, Zimmerer, & Huonker, 2010), latent inhibition 
(Sable, Low, Maclin, Fabiani, & Gratton, 2004), or habituation (Budd, Barry, Gordon, 
Rennie, & Michie, 1998). The ability of neurons to generate action potentials in response 
to repeated stimuli depends on several factors associated with neural adaptation (synaptic 
transmission and the neural refractory period), and inhibition. Neural adaptation is the 
change that occurs in response to a constant or repeating stimulus. Pre- and post-synaptic 
mechanisms can also be involved, and inhibition can serve to decrease the neural 
response to a constant or repeating stimulus by negative feedback mechanisms.   
1.3 AEPs: Genetics & Heritability in the Normal 
Population 
To date, few studies have examined individual variations in different AEPs in either 
disordered or healthy populations.  However, there is growing interest in using AEPs to 
evaluate the auditory neural phenotype, and link the findings to specific genetic 
variations in families and populations.  It is hypothesized that complex disorders may be 
the result of multiple gene variations that combine in an individual to collectively exert 
their effect on the phenotype.  These may be the result of either (1) a combination of 
common genetic variations (polymorphisms) present in the general population or (2) 
multiple rare variants in multiple genes.  It is reasonable to suppose that such genetic 
6 
 
variations exert an influence on the auditory system, and that these may be reflected by 
inter-individual AEP differences, even in normal hearing healthy individuals.  Of course, 
genes can only account for some of this variation; environmental factors, or gene-
environmental interactions may be equally, or more influential than genetic factors alone. 
One approach to studying heritability of complex traits is to compare monozygotic 
(genetically identical) twins to dizygotic twins (50% shared genetic makeup) who 
presumably experience similar environmental effects. 
The heritability of auditory brain activity has been addressed in healthy twin studies of 
the LLR.  Several components of the conventional auditory LLR have been studied in 
twins and exhibit high heritability, suggesting a significant genetic influence.  Either the 
N1 and P2 components of the LLR exhibit greater similarity in monozygotic twins than 
in dizygotic twins or unrelated individuals, with regards to amplitude and latency (Polich 
& Burns, 1987a), see review by (van Beijsterveldt & Boomsma, 1994).  This greater 
correlation between monozygotic twins suggests a strong genetic influence on the N1 and 
P2 AEP components, because although both monozygotic and dizygotic twins both share 
the same environment, only monozygotic twins share 100% of their genes.  
Recently (Anokhin, Vedeniapin, Heath, Korzyukov, & Boutros, 2007) investigated the 
heritability of the auditory evoked potential decrement pattern.   By utilizing a twin study 
design, peak amplitudes and amplitude ratios of the P50 (middle latency), N1 and P2 
(LLR) AEPs, in response to a paired click paradigm were compared.  The N1 and P2 
decrement, considered an indication of sensory gating, was found to be highly heritable, 
as 71-76% of the total variance was influenced by genetics (Anokhin, Vedeniapin, Heath, 
Korzyukov, & Boutros, 2007).  
In addition to twin studies, the cortical level AEPs have been examined in nuclear 
families by comparing sibling and parent-child responses (Eischen & Polich, 1994). Each 
family group consisted of one father, mother and two children. Participants were 
randomized into non-family groups to be used as controls. Pearson correlation 
coefficients were calculated for each AEP between family and non-family groups, and 
then correlation coefficients underwent z-transformation to normalize the data. It was 
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found that N1 and P2 amplitude and latencies were more similar among family members 
than non-family member groups. 
 In summary, the amplitudes and latencies of the LLR N1 and P2 components were found 
to be affected by genetic factors, because they vary similarly among monozygotic twins, 
and this effect is greater than that found for dizygotic twins and first-degree nuclear 
family members (Eischen & Polich, 1994; Polich & Burns, 1987b)   
1.3.1 AEP Variation in Normals – Relationship to Specific Genes 
Genetic variations responsible for variability in the N1 sensory gating decrement pattern 
have been found in a healthy population (Majic et al., 2011). First, 282 subjects of 
German decent were genotyped for variations within the COMT (catechol-O-
methyltransferase) gene. Genetic differences were then compared to each individual’s N1 
sensory gating pattern to paired clicks (Majic et al., 2011). Catechol-O-methyltransferase 
is a protein associated with the dopamine system in the human brain.  In this study, 
individuals carrying the Met/Met genotype demonstrated poorer sensory gating than 
individuals with the Val/Met and Val/Val genotypes. The results of this study 
demonstrate how genetic variations within a normal population can correlate to AEPs, 
making AEPs useful as potential biological markers or endophenotypes. 
1.4 Relevance: Altered AEPs in Clinical Populations 
Auditory processing deficits have been demonstrated behaviourally in communication 
and learning disordered populations (McArthur & Bishop, 2005a) and in those diagnosed 
with a variety of neuropsychiatric disorders.  AEPs have been used in these disordered 
populations to study the underlying neurobiology associated with auditory processing 
deficits.  
1.4.1 AEPs in Language and Learning Disabilities 
Up to 50% of individuals diagnosed with a language and learning disability exhibit co-
morbidity with an auditory processing disorder (Dawes & Bishop, 2010).  In children 
diagnosed with specific language impairment, researchers discovered that their sub-
cortical (brainstem) and cortical AEPs differed when compared to normal age-matched 
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controls. These children exhibit longer Wave V latencies when compared to the normal 
population (Basu, Krishnan, & Weber-Fox, 2010). These results suggest that brainstem 
level electrophysiological activity in response to auditory stimulation can serve as a 
robust biological marker of abnormal auditory processing in these populations.  It has 
also been found that children under 20 years of age, diagnosed with specific language 
impairment have decreased absolute amplitude of their later AEP components, 
specifically N1 and P2 (McArthur & Bishop, 2005b).  However, this decrement in AEP 
amplitude has found to return to normal as children age (Farmer & Klein, 1993; 
McArthur & Bishop, 2005a). In a related area of research, it has been discovered that 
dyslexics also have altered AEPs, specifically increased absolute N1 amplitude when 
compared to a normal population (as reviewed by (Schulte-Korne & Bruder, 2010)).  
1.4.2 AEPs in Psychiatric Disorders 
Many psychiatric disorders have been associated with abnormal AEPs.  Psychiatric 
disorders such as schizophrenia (Turetsky et al., 2008a) bipolar disorder (Lijffijt et al., 
2009), Alzheimer’s disease (Golob et al., 2009) and autism (Matas, Goncalves, & 
Magliaro, 2009; Oram Cardy, Flagg, Roberts, & Roberts, 2008) have all shown co-
morbidity to abnormalities in auditory neural processing at brainstem and cortical levels. 
Auditory brainstem activity was studied in individuals diagnosed with Autism and 
Asperger Syndrome (Matas, Goncalves, & Magliaro, 2009).  Fifty percent of children, 
aged 8 to 19 years old, diagnosed with Autism expressed abnormal auditory brainstem 
activity; 30% of individuals with Asperger Syndrome expressed altered auditory 
brainstem activity.  
Altered brainstem activity in patients with schizophrenia has also been found (Harell, 
Englender, Demer, Kimhi, & Zohar, 1986), with longer latencies in ABR Wave V in 
schizophrenic patients when compared to normal controls. In addition to altered auditory 
brainstem neurophysiology, an amplitude reduction in the N1 component of the LLR also 
appears in schizophrenic patients (Rosburg, Boutros, & Ford, 2008).  In numerous paired 
click studies, the N1 amplitude was more consistently decreased in schizophrenic patients 
when an ISI of less than 1 second was used. Along with decreased N1 amplitude, 
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schizophrenic patients have also been found to have poor N1 sensory gating to repeating 
stimuli (the N1 decrement is reduced) (Turetsky et al., 2008a). Therefore, the N1 
amplitude to the first stimulus in schizophrenics is smaller, and their N1 amplitude to the 
second stimulus is larger, when compared to normal controls.  
In a bipolar population, sensory gating was also found to be affected compared to a 
control population. The decrement patterns of N1 in patients suffering from bipolar I 
disorder was found to be of a similar profile to that observed for the schizophrenic 
population. The results were two-fold, in that the bipolar patients exhibited decreased N1 
amplitude to the first stimulus, and increased N1 amplitude (or decreased suppression) to 
the second stimulus of the paired click compared to controls (Lijffijt et al., 2009). 
In summary, neurodevelopmental and psychiatric disorders have been linked to altered 
auditory brainstem and cortical activity, with abnormalities demonstrated in both children 
and adults. 
1.5 Auditory ERPs: Genetics & Heritability in Clinical 
Populations 
AEP heritability has been demonstrated in disordered populations and as such, auditory 
potentials are being used as markers of abnormal neurobiology in genetics research of 
psychiatric disorders (Anokhin, Vedeniapin, Heath, Korzyukov, & Boutros, 2007; M. H. 
Hall et al., 2008), and dyslexia (Addis et al., 2010).  AEPs have been found to show 
heritability in several psychiatric disorders such as schizophrenia, with AEP changes 
apparent in schizophrenic patients and in their unaffected first-degree relatives (Turetsky 
et al., 2008b).  
Amplitude and latencies of N1 and P2 were measured in individuals carrying a known 
gene mutation associated with Familial Alzheimer’s Disease (FAD) (Golob et al., 2009). 
Individuals diagnosed with Familial Alzheimer’s Disease (FAD) and their relatives 
carrying the PSEN1 gene mutation for the disease, exhibited smaller amplitudes and 
longer latencies of the N1 and P2 when compared to a normal control population not 
carrying a mutation in this gene. 
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1.6 Rationale for Thesis 
The main goals of this dissertation are to investigate individual response AEP profiles 
when elicited by high-rate and repeated sound stimuli, and to evaluate whether these 
profiles exhibit a familial resemblance in a healthy, normal hearing population.  This is 
especially critical now that AEPs are being used more frequently as biomarkers of 
auditory neurobiology in genomics and gene discovery research (genomic and genetic 
linkage studies), especially in various clinical populations. 
Auditory LLRs are now being used as physiological indicators of auditory system 
dysfunction in different clinical populations. Because they also exhibit heritability within 
first-degree healthy relatives, these AEPs are also being employed in genetic studies to 
investigate the molecular mechanisms underlying these disorders (Freedman et al., 2003).  
However, as reviewed above, a few studies have also shown that auditory LLRs 
demonstrate both variability and heritability among non-disordered twins and family 
members (Anokhin, Vedeniapin, Heath, Korzyukov, & Boutros, 2007; Eischen & Polich, 
1994).  Furthermore, most studies investigating AEPs in normal and disordered 
populations, including adaptation of the response, have focused on group trends, rather 
than variability and inter-individual differences. If AEPs are to be useful in disordered 
family studies and serve as phenotypes in genetic research, both individual differences 
and how these differences vary within normal healthy families must be better understood.  
Finally, most AEP studies have focused on the cortical level responses.  Only one has 
examined the heritability of the ABR in autistic children (Maziade et al., 2000), and few 
studies have examined the relationship between auditory brainstem responses and late 
latency responses in the same individual. Therefore the goal of this thesis was to 
investigate whether there is evidence for familial resemblance of AEPs in siblings from a 
normal hearing population, and whether this familiality is apparent at the brainstem and 
cortical levels of the auditory system. 
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This thesis focuses on three main research questions relating to individual differences and 
familial resemblance of AEPs.  The research questions are as follows: 
Research Question 1: Auditory Brainstem Response (ABR)   
As a train of acoustic stimuli is presented in rapid succession, the ABR Wave V latency 
will increase when the response to the initial stimulus is compared to subsequent stimuli 
in the train.  At very high stimulus presentation rates that approach the refractory period 
of auditory neurons, the ABR Wave V latency increases and amplitude declines.  The 
aims of this research question are to determine whether there is familiality within the 
normal population for (a) high stimulus rate ABR measures and (b) for the ABR changes 
in latency and amplitude that occur within an acoustic stimulus train. 
Hypothesis 1a: For the very high rate ABR, measured using CLAD, the ABR Wave V 
latency will increase and the amplitude will decrease, as the stimulus rate increases.  
These latency and amplitude measures will demonstrate familial inter-individual 
differences in a normal population.  
Specific aim 1a: The ABR was measured in Sibling pairs at several stimulus rates, and 
evaluated to determine whether very high rate ABR measures are heritable traits that 
could be used as a physiological intermediate phenotype. 
Hypothesis 1b: The changes of the ABR within a train of repeated stimuli will 
demonstrate inter-individual differences that are familial. 
Specific Aim 1b: We have measured the ABR in sibling pairs and identified whether the 
changes that occur in response to a train of acoustic stimuli are familial traits.    
Research Question 2: Auditory Late Latency Response (LLR) 
As a train of acoustic stimuli is presented in rapid succession, the N1 amplitude will 
decrease when the response to the initial stimulus is compared to subsequent stimuli in 
the train. Individual differences in the pattern and proportion of N1 decrement have been 
observed. The aim of this research question is to determine whether individual 
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differences exist and whether this pattern exhibits familiality between siblings within the 
normal population.   
Hypothesis 2: The decrement of the N1 response will demonstrate inter-individual 
differences that are familial. 
Specific Aim 2:  The N1 decrement was measured in a healthy control group and in a 
Sibling pair group.  The N1 decrement trait was evaluated for familiality by comparing 
the responses in each of sibling pair to a matched pair of unrelated controls with 
matching for gender and age.    
Research Question 3: The aim of this research question is to determine whether there is a 
correlation between the ABR and N1 within each individual. Very few studies have 
examined the relationship between brainstem and cortical level electrophysiology in 
human subjects using AEPs. However, correlations have been found in the frequency 
following response (Galbraith et al., 2004) and speech stimuli (Parbery-Clark, Marmel, 
Bair, & Kraus, 2011). Since the correlation between ABRs and LLRs has yet to be 
extensively researched, this dissertation has explored the relationship between amplitude 
and latency of AEPs within each subject, in an attempt to gain a better understanding of 
how these different levels of the auditory system are linked.   
Hypothesis 3: The ABR Wave V and LLR N1and P2 components within an individual 
will be correlated. 
Specific aim 3: The Wave V, N1 and P2 latency and amplitudes in each individual were 
compared to identify whether the ABR and LLR responses are correlated within the same 
subject. Familial resemblance was evaluated by comparing the Sibling group with the 
matched, unrelated control group. 
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1.7 Format of the Thesis 
Chapter 1 provides a review of the literature and summarizes the rational and research 
questions addressed in this thesis.  Chapter 2 will provide a detailed description of the 
methods used to address the research questions posed in Chapter 1.  Chapter 3 will 
present the results, and Chapter 4 will highlight the results and discuss their relevance in 
light of the current literature.      
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2 Methods 
Twenty-four participants included six sibling pairs and six matched unrelated pairs, 
underwent three protocols to measure AEPs at both the brainstem level and cortical level 
of the auditory system.  Following a hearing assessment to test for candidacy in this 
study, participants had their ABRs and LLRs recorded using several different stimulus 
conditions:  (1) ABR: 4 different click rates ranging from 37.3 clicks/s to 976.6 clicks/s  
(2) ABR: 6 clicks within a stimulus train to investigate adaptation of the ABR (3), LLR:  
4 tones, also within a stimulus train, to investigate the adaptation of responses at the 
cortical level. 
2.1 Participants 
Twenty-four participants completed all components of this study, eight males and sixteen 
females.  Participants were divided into two groups:  1. Siblings (n=12; 6 pairs) 2. Non-
siblings (n=12; 6 unrelated pairs).  The Siblings group was composed of six pairs of 
same-sex siblings, two pairs of male siblings and four pairs of female siblings. A matched 
pair design was used to assess familial resemblance (McCall, 1970; Sandor, Afra, Proietti 
Cecchini, Albert, & Schoenen, 2000). Siblings within each pair were ordered into young 
and old.  The twelve participants in the Non-sibling group were unrelated, and were age 
and gender matched to the participants in the Sibling group. This resulted in six control 
subject pairs, with each control pair matched to a sibling pair.   Mean ages and standard 
deviations for the siblings and age and gender-matched non-sibling controls are found in 
Table 1.  
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Table 1. Mean ages and standard deviations for the entire population: female 
siblings, male siblings, female non-siblings and male non-siblings. 
Age matching was conducted to ensure a difference in age between sibling and their 
matched non-sibling did not exceed four years of age.  
2.2 Pre-recording Assessment 
Each participant underwent a pre-recording assessment to determine candidacy for the 
study. A list of steps involved in the pre-recording assessment for candidacy can be seen 
in Figure 1. 
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Figure 1. Pre-recording assessment performed for each participant. 
Once consent was obtained, each subject was asked to fill out a questionnaire about his or 
her background history. Participants were excluded from the study if they had a first-
degree relative diagnosed with any neurological or psychiatric disorder including 
dyslexia, schizophrenia, Alzheimer’s, or other disorders. Participants were also asked 
whether any relatives were diagnosed with a hearing loss, and were excluded if any first-
degree relative had been diagnosed with a hearing loss. No participants were excluded 
from the study on the basis of neurological or psychological disorders, or hearing loss 
present in a first-degree relative. 
Following the completion of the background history questionnaire, participants’ middle 
ear mobility was measured bilaterally using tympanometry.  Conventional tympanometry  
(probe tone 227 Hz) was completed using the Interacoustics Impedance Audiometer 
AT235h, and standard clinical norms were applied (ear-canal volume 0.6 to 2.0 cm3 ;  
compliance 0.3 to 1.4ml  middle ear pressure  +50 to -150 daPa (Guidelines for screening 
for hearing impairment and middle-ear disorders. working group on acoustic immittance 
measurements and the committee on audiologic evaluation. american speech-language-
hearing association.1990). 
Participants had their pure-tone hearing thresholds tested to ensure normal hearing 
sensitivity using standard clinical audiometric procedures for pure tone air conduction 
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testing.  Behavioural thresholds were measured bilaterally (250 Hz to 8 kHz; Hughson-
Westlake method). Measurements were performed using the Interacoustics Impedance 
Audiometer AT235h presenting tones through insert earphones. Distortion product 
otoacoustic emissions (DPOAEs) were also measured in each participant to test outer hair 
cell function prior to recordings. DPOAEs were recorded between 0.5-8 kHz, using 
Intelligent Hearing System Smart DPOAE hardware and software. All participants in the 
study had normal DPOAEs. 
2.3 ABR Assessment 
Auditory brainstem responses were recorded using Intelligent Hearing Systems (IHS) 
SmartEP hardware and software. Participants were asked to lie down on a cot, while gold 
cup electrodes were placed at each mastoid and at the apex of the forehead. The 
ipsilateral right mastoid was used as the inverting (-) electrode. The forehead was used as 
the non-inverting (+) electrode, and the left, or contralateral, mastoid was used as the 
ground. Electrode impedance was measured to be under 5Ω with inter-electrode 
impedance less than 3Ω. ABRs were recorded with a gain of 100K, while using a high 
pass filter of 100Hz and a low pass filter of 1500Hz. Stimuli were 100 microsecond 
clicks presented through insert phones. The right ear served as the test ear under all 
stimulus conditions.  ABRs were collected under three different recording conditions:  1) 
Conventional ABR 2) High Rate ABR and 3) Click Train ABR. 
2.3.1 1.3.1 Conventional ABR.   
ABR rates of 37.3 and 97.66/sec were presented monaurally in the right ear at 65dB SL 
and recorded with a minimum of 2000 sweeps.  A minimum of two runs was performed 
for each stimulus condition, and then the two recordings were averaged and analyzed 
offline. 
2.3.2 High Rate ABR 
High stimulus rate ABR was recorded using continuous loop averaging deconvolution 
(CLAD) available with the IHS Smart EP program (Delgado & Ozdamar, 2004). CLAD 
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rates of 97.66, 214.84 and 976.6/sec were presented at 65dB SL and recorded for each 
participant using the same criteria described above.  
2.3.3   Click Train ABR 
An ABR click train protocol was created using the IHS SmartEP system.  The train 
included six clicks. Each click was separated by an inter-stimulus interval (ISI) of 
15.07ms providing a within-train click rate of 65.9/sec, and each train was separated by 
an inter-train interval (ITI) of 60.70ms. The ABR at each click position was recorded in a 
separate buffer and averaged separately, creating 6 ABR Waveforms. A schematic 
diagram of the ABR click train can be found in Figure 2.  
 
Figure 2. Schematic of ABR train presented to subjects. Train of six clicks presented 
at a rate of 65.9 clicks/sec.  Click duration is  100 microseconds while the within 
train inter-stimulus interval (ISI) from click onset to click onset is 15.17ms and 
inter-train interval (ITI) is 60.70ms. 
2.4 LLR Measurement 
Auditory LLRs to a four-tone train were recorded for each participant using Intelligent 
Hearing Systems SmartEP hardware and software.  Gold cup electrodes were placed 
using the 10-20 system, at Fz, Cz, and Pz. The Fz, Cz and Pz electrodes were used as the 
non-inverting (+) electrodes, an electrode on the earlobe was used as the inverting (-) 
electrode and an electrode on the forehead was used as the ground. Inter-electrode 
impedance was under 5Ω for all recordings with inter-electrode impedance less than 3Ω. 
The stimuli presented in the train were 1000 Hz pure tones of 50 ms duration presented 
monaurally in the right ear at 65dB SL. The tones had a 5 ms rise and fall time, and were 
gated with a Blackman window. Each tone of the train was separated by a 400 ms ISI and 
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each train was separated by an 8.2 s ITI. A diagram of the LLR train is shown in Figure 
3.  
In order to study the N1 decrement pattern, an ISI of 400ms and an ITI of 8.2s was 
chosen based on previous research investigating this sensory gating phenomenon in 
healthy (Budd, Barry, Gordon, Rennie, & Michie, 1998) and schizophrenic populations 
(Jansen, Hu, & Boutros, 2010).  
Also, the ISI of 400ms was chosen, as it has been previously found that paradoxically, 
there is an increase in the N1 response to the second stimulus when the ISI is under 
400ms (Wang, Mouraux, Liang, & Iannetti, 2008). An ITI of 8.2 seconds was chosen so 
as not to diminish the N1 response of the first tone, due to a decrement caused by the 
fourth tone in the previous train.  This ITI of 8.2 seconds therefore ensured a full 
recovery of the auditory system between train presentations, but also was efficient with 
respect to recording time. LLR responses were recorded using a gain of 100K, a low pass 
filter of 30Hz and a high pass filter of 1Hz. The LLR train stimulus condition was used to 
acquire two recordings.  Each recording consisted of 200 sweeps, and the recordings 
were averaged together for off-line analyses.  
 
 
Figure 3. Schematic of LLR train presented to subjects. Train of four 1000Hz pure 
tones gated with a Blackman window with 5ms rise and fall times.  Tone duration is 
50ms while the ISI is 400ms and ITI is 8,200ms. 
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2.5 ABR Data Analyses 
2.5.1 ABR Wave V Identification 
ABR Wave V positive peaks were identified and marked (Konrad-Martin et al., 2012). 
The Wave V Peak amplitude was measured from the shoulder of the positive peak to the 
following trough, while peak latency was measured from stimulus onset to the shoulder 
of the positive peak.  Wave V latencies and amplitudes were measured in each participant 
for all three stimulus recording conditions:  1) conventional ABR 2) each rate condition 
in the CLAD protocol and 3) each click position in the ABR train protocol.   An example 
of the ABR Waveform, with Wave V latency and amplitude labeled, may be seen in 
Figure 4. 
 
Figure 4. A sample ABR recorded from participant 5P01 at a rate of 37.3 clicks/sec. 
Peaks I, III, and V have been identified and marked. 
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2.5.2 ABR Wave V Analyses 
Wave V absolute latency and amplitudes were derived using the method described above 
in 2.5.1 For the High Rate condition Wave V amplitude ratios were calculated using the 
amplitude measured for the slowest rate  (37.3 clicks/s) as the denominator and the 
amplitude measured for the faster rates (97.66, 214.84 or 976.6 clicks/s) as the numerator. 
For the High Rate condition Wave V latency shifts were calculated by subtracting the 
latency measured to the slowest stimulus rate (37.3 clicks/s) from the latency to the faster 
stimulus rates (97.66, 214.84 and 976.6 clicks/s). 
For the Click Train condition, Wave V latency shifts were calculated for each participant, 
by subtracting the Wave V latency to the first click from the Wave V latency to each 
subsequent click. Wave V amplitude ratios were calculated using the amplitude measured 
for the first stimulus as the denominator and the amplitude measured for the following 
clicks 2-6 as the numerator. 
2.6 LLR Data Analyses 
2.6.1 LLR Waveform Analyses 
Peaks were marked following the criteria used by (Boutros et al., 2004): (1) Each LLR 
complex to each tone must contain three peaks beginning with a positive peak (P50/P1), 
followed by a negative peak (N1) and ending with a positive peak (P2); (2) The negative 
peak has maximal post-stimulus amplitude between 80-140ms while the second positive 
peak has maximal post-stimulus amplitude between 140-250ms; (3) The N1 latency was 
measured at the apex of the negative peak while the amplitude was measured from the 
apex of negative peak to the apex of the preceding positive peak. The P2 latency was 
measured at the apex of the second positive peak while the amplitude was measured from 
the apex of the second positive peak to the apex of the preceding negative peak. A sample 
LLR can be found in Figure 5.  Peak-to-peak amplitudes were measured rather than 
baseline-to-peak amplitudes according to Thornton (1975) who found reduced 
intrasubject variability using this measurement.  
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N1 and P2 responses were marked and calculated for latency and amplitude. The largest 
N1 response was recorded at the Cz electrode, therefore this electrode position was 
chosen for further data analysis. 
 
 
Figure 5. Sample LLR recorded from participant 5P01.  The N1 and P2 components 
of the response are identified. LLR Peak Analyses 
For each of the 4 tones in the train of stimuli, N1 and P2 absolute latency and amplitudes 
were derived using the method described above in 2.6.1  
The N1 and P2 amplitudes to each tone in the train were designated the label S1 to S4. 
N1 and P2 amplitude ratios were calculated by dividing the amplitude to the second, third 
or fourth tone in the train by the amplitude of the first tone (S2/S1, S3/S1, S4/S1). N1 and 
P2 latency shifts were calculated by subtracting the latency of first tone from the latency 
of the subsequent tones.  
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2.7 Statistical Analysis 
2.7.1 ABR Data Analyses 
Mean and standard deviations were calculated to provide descriptive statistics of Wave V 
amplitude and latency measures, in order to evaluate group trends. To investigate 
familiality, ABR Wave V data were evaluated for sibling pairs and for matched, 
unrelated control pairs.  Wave V data for the younger subject in the pair were plotted 
against the Wave V data for the older subject in the pair, for both sibling and non-sibling 
pairs. Statistical analyses for familiality involved calculating intrapair Pearson correlation 
coefficients, and significant differences between correlation coefficients for the Sibling 
and Non-sibling groups (Jensen, 1971; Metneki, Czeizel, Flatz, & Flatz, 1984).   
Statistical analyses were similar for both the ABR stimulus rate and stimulus train 
conditions.   
2.7.2 LLR Data Analyses 
For the N1 and P2 latencies and amplitudes, the results were averaged and standard 
deviations calculated. These descriptive statistics were used to evaluate group trends. For 
investigating familial resemblance, the N1 and P2 data were evaluated for each subject in 
a pair; sibling and non-sibling data were plotted in order to visualize these correlations.   
Statistical analyses for familiality involved calculating intrapair Pearson correlation 
coefficients, and significant differences between correlation coefficients for the Sibling 
and Non-sibling groups (Jensen, 1971; Metneki, Czeizel, Flatz, & Flatz, 1984).  
2.7.3 ABR and LLR Correlation Statistical Analyses 
To test for a correlation between subcortical and cortical measurements, Pearson 
correlation coefficients were calculated for the ABR Wave V and the LLR N1, and for 
the ABR Wave V and the LLR P2 components. The results are presented for sibling and 
non-sibling pairs in scatterplots, and the correlation coefficients results are provided in 
corresponding tables.   
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3 Results 
In Chapter 3, the results for both the ABR and LLR studies are presented. First the ABR 
results for high rate and stimulus train conditions are presented, as well as comparisons 
between the Sibling and Non-sibling groups. This is followed by a presentation of the 
LLR amplitude and latency data for the stimuli presented in a train.  Sibling and Non-
sibling pair LLRs are also compared. For a detailed presentation of the LLR decrement 
patterns for individual subjects, see Appendix G and I.   
3.1 ABR: Effects of Stimulus Rate on Wave V 
In this section, the results for Wave V amplitude and latency are presented and how these 
ABR components change with stimulus repetition rate are analyzed. In addition, the 
familial resemblance of Wave V is presented, comparing data for the Sibling pair group 
to the Non-sibling pair group. The results in this section address Research Question 1a. 
3.1.1 Effects of Stimulus Rate on Absolute Wave V Latency and 
Amplitude 
ABR absolute latency and amplitude changes were analyzed as a function of stimulus 
repetition rate, which varied from 37.3-976.6 clicks/s.  ABR Waveforms at each stimulus 
rate are shown for participant 5P01 in Figure 6, which illustrates rate-induced changes in 
the latency and amplitude of Wave V. As stimulus rate increases, the ABR Wave V 
latency increases and Wave V amplitude decreases. 
Participants’ data was averaged for the Sibling and Non-sibling groups separately, and 
over the entire sample to determine group trends in absolute latency and amplitude with 
respect to changes in stimulus rate. The mean data is similar for normal hearing healthy 
siblings when compared to unrelated control subjects.  Results for the mean Wave V 
latency and amplitude are shown in Figure 7 and Figure 8 respectively.  
As stimulus rate increased, Wave V latency increased, and Wave V amplitude decreased.  
Wave V latency to each stimulus rate was progressively later than latency of the standard 
25 
 
rate of 37.3 clicks/s Wave V amplitude to each stimulus rate was also progressively 
smaller for the stimulus rates of 214.84 clicks/s and 976.6 clicks/s when compared to the 
standard rate of 37.3 clicks/s  
 
Figure 6. Example ABR results from participant 5P01 for four different stimulus 
rates, 37.3, 97.66, 214.84, and 976.6 clicks/sec. Wave V peaks have been marked.  
Wave V latency to rate of 37.3 clicks/sec is represented by dashed line.  Different 
scales are used for amplitude to better visualize each Waveform. 
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Figure 7. The effect of stimulus rate on absolute Wave V latency.   Mean Wave V 
latencies (+S.D.) for the separate sibling pairs and non-sibling controls (upper) and for 
the entire population (n=24) (lower) to different stimulus rates of 37.3, 97.66, 214.84, and 
976.6 clicks/s. 
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Figure 8. The effect of stimulus rate on absolute Wave V amplitude. Mean (+S.D.) 
Wave V amplitude for the separate sibling pairs and non-sibling controls (upper) and for 
the entire population (n=24) (lower) to different stimulus rates of 37.3, 97.66, 214.84, and 
976.6 clicks/s. 
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3.1.2 Effects of Stimulus Rate on Wave V: Familial Resemblance  
Wave V latency shifts and amplitude ratios were calculated in order to evaluate the 
effects of increasing click rate on auditory brainstem activity.  Wave V latency shifts and 
amplitude ratios were calculated for each rate in the train relative to the lowest rate of 37 
clicks/s. This technique is used to normalize these parameters across subjects, because 
absolute latency and amplitude may be influenced by other factors not controlled for in 
this study (for example, cochlear differences).  In order to evaluate familial resemblance, 
intrapair correlation coefficients for the Sibling Pairs group and Non-sibling Pairs control 
group were calculated separately.   
Results for the Wave V latency shift data are presented as scatterplots for each group and 
stimulus rate condition in Figure 9.  Intrapair correlation coefficients between Siblings 
and Non-siblings are also shown for each group and rate condition (Table 2).  In general, 
the Wave V latency shift increases by approximately the same amount as a function of 
stimulus rate for both the Sibling and Non-sibling groups. This result is in agreement 
with the absolute Wave V latency data shown in Figure 7.  When comparing the two 
groups, trends in the scatterplots and correlation coefficients suggest that Sibling data is 
more closely correlated for the Wave V latency shifts induced by 97.66 clicks/s and 
214.84 clicks/s as compared to the stimulus rate of 976.6 clicks/s (Figure 9). Although a 
significant difference between correlation coefficients between the Sibling and Non-
sibling pairs was found for the 214.84/s rate condition, the data may be strongly 
influenced by outliers and small sample size (see Table 2).  More data must be collected 
in order to confirm this trend.  
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Figure 9. Wave V latency shift: Pearson correlation coefficients and scatterplots 
comparing sibling pairs and scatterplots comparing non-sibling pairs.  Upper: ABR rates 
of 37.3 clicks/s and 99.66 Middle: ABR rates of 37.3 clicks/s and 214.84   Lower: ABR 
rates of 37.3 clicks/s and 976.6 clicks/s. 
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Table 2. Pearson correlation coefficients of Wave V latency shift to stimulus rate in 
Sibling and Non-sibling pairs. 
Results for the Wave V amplitude ratio data are presented as scatterplots for each group 
and stimulus rate condition in Figure 10.  Intrapair correlation coefficients between 
Siblings and Non-siblings are also shown for each group and rate condition (Table 3).  
When comparing the correlations between Siblings and Non-siblings, there is little 
evidence to support familiality.  
In fact, amplitude ratios for stimulus rates of 97.66 and 37.3 clicks/s are better correlated 
in the Non-sibling pairs than Sibling pairs (Figure 10).  Differences between the Sibling 
and Non-sibling correlations are shown in Table 3.  Results show that Non-siblings have 
a significantly higher correlation between amplitude ratios at a rate of 97.66 clicks/s 
compared to siblings. As with the Wave V latency shift data, the sample size is small and 
outliers are present, for example, in both the 97/s and 214/s rate conditions, the 
scatterplots and correlations are clearly affected by a single sibling pair or matched 
control pair. These may be outliers, or simply be appearing as such due to the small 
sample size (Figure 10).  
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Figure 10. Wave V Amplitude Ratios: Pearson correlation coefficients, with 
scatterplots comparing sibling pairs and scatterplots comparing non-sibling pairs.   
Upper: between ABR rates of 37.3 clicks/s and Middle: between ABR rates of 37.3 
clicks/s and  Lower:  between ABR rates of 37.3 clicks/s and 976.6 clicks/s. Amplitude 
ratios calculated by dividing the Wave V amplitude at the higher stimulus rate by the 
Wave V amplitude to stimulus rate 37.3 clicks/s. 
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Table 3. Pearson correlation coefficients of Wave V amplitude ratio to stimulus rate 
in Sibling and Non-sibling pairs. 
3.2 ABR: Effects of Stimulus Train on Wave V 
In this section, the results for Wave V amplitude and latency, and how these are affected 
by position within a train of repeated stimuli, are presented. In addition, the familial 
resemblance of Wave V is presented, comparing data for the Sibling Pair group to the 
Non-sibling pair group. The results in this section address Research Question 1b. 
3.2.1  Effects of Click Train Position on ABR Wave V Latency and 
Amplitude 
Absolute Wave V amplitude and latency, and changes in these parameters were analyzed 
as a function of stimulus position within a train of 6 clicks.  Figure 11 demonstrates that 
for subject 5P01 the latency of Wave V increases with click position, while the amplitude 
remains relatively stable.  
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Figure 11. Example of results of ABR train from participant 5P01. Responses to 
each click are shown in order with response to click 1 at the top.  ABR Wave V has 
been marked for each response. Latency to Wave V of the first click is represented 
by a dashed line. 
Participants’ Wave V latency data was averaged to confirm group trends in latency shift 
with respect to click position in the train of stimuli.  As shown in Figure 12, when Wave 
V latencies to each stimulus in the ABR train were averaged between all subjects (n=24), 
latencies were found to increase with click position. The greatest change occurs between 
clicks 1 and 2, and plateaus between the 3rd and 4th click in the train. Results are similar 
for both the Sibling and Non-sibling groups.   
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Figure 12. The effect of click position in the train on Wave V latencies. Mean Wave 
V latencies (+S.D.) for the separate sibling pairs and non-sibling controls (upper) and for 
the entire population (n=24) (lower) to each stimulus position in the click train. 
Participants’ data was averaged over the entire group to assess changes in Wave V 
amplitude with respect to click position in the train of stimuli. Mean Wave V amplitudes 
were graphed with respect to click position for the entire population and Sibling and Non-
sibling groups (Figure 13).  The mean Wave V amplitude does not change between click 
position in Sibling groups and Non-sibling groups, when considered separately. 
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Figure 13. The effect of click position in the train on Wave V amplitudes. Average 
Wave V amplitudes (+S.D.) for the separate sibling pairs and non-sibling controls (upper) 
and for the entire population (n=24) (lower) to each stimulus position in the click train. 
 
3.2.2 Effects of Click Position on Wave V: Familial Resemblance  
Familiality of Wave V latency shifts and amplitude ratios within the stimulus trains were 
investigated by comparing data for Sibling pairs to the Non-sibling pair control group.  
Wave V latency shifts and amplitude ratios were calculated for each click in the train 
relative to click 1. This technique is used to normalize these parameters across subjects, 
because absolute latency and amplitude may be influenced by other factors not controlled 
for in this study (for example, cochlear differences).   
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Wave V latency shifts were averaged across the entire population as well as for Sibling 
and Non-sibling groups. Figure 14 Illustrates how the latency shift increases 
progressively from clicks 2 to 3, and then remains stable for clicks 4 through 6 in the 
stimulus train.  
Scatterplots in Figure 15 show the relationship between matched pairs; correlation 
coefficients were calculated for Wave V latency shifts and are also provided. Table 4 
provides the results of the test for significant differences between the intrapair 
correlations between Siblings and Non-siblings for the Wave V latency shift with click 
position.  Intrapair correlation coefficients are high for both Siblings and Non-siblings for 
the Wave V latency shift induced by clicks 2 through 4 in the click train, and the results 
in Table 4 show significant differences between the groups for clicks between positions 
S2-S1 and S4-S1. However, in the Sibling pairs this correlation is negative, while the 
relationship is positive for the Non-sibling group.  This negative correlation for the 
Sibling pair group would typically indicate that longer latency shifts in the younger 
siblings are associated with shorter latency shifts in the older sibling. This finding is once 
again very likely influenced by a single sibling pair; removing this outlying data point 
would alter this relationship, and so the results must be interpreted with caution.  
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Figure 14. Mean Wave V latency shift for each click position in the ABR train. Mean 
latency shift for Sibling group (n=12) and Non-Sibling group (n=12)(upper), and for the 
entire sample (n=24)(lower). Latency shift calculated by subtracting latency of Wave V 
to the first tone from latency of subsequent tones. 
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Figure 15. ABR Wave V latency shift within a Stimulus Train.  Pearson correlation 
coefficients and scatterplots comparing sibling pairs and scatterplots comparing non-
sibling pairs.  Stimulus position in the Stimulus Train increases from S2-S1 (top) to S6 –
S1 (bottom). 
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Table 4. Pearson correlation coefficients of Wave V latency shift to ABR train in 
Sibling and Non-sibling pairs. 
 
To investigate the change in amplitude from click to click in a train, amplitude ratios 
were calculated by taking the Wave V amplitude of clicks 2-6 and dividing them by the 
amplitude of click 1.  
Figure 16 shows amplitude ratios in Siblings and Non-siblings to each click in the ABR 
train. Following the initial amplitude decrement that occurs between S2 and S1, the mean 
amplitude remains stable throughout the train, as indicated by the amplitude ratios (S2/S1 
through S6/S1) in Figure 16.   This decrement, and stability within the train, appears to 
occur in both Sibling and Non-sibling groups. Since this mean amplitude decrement is the 
same for each group, Pearson’s correlation coefficients were not calculated for this Wave 
V amplitude ratio data.   
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Figure 16. Mean Wave V amplitude ratios to click position. Mean Wave V amplitude 
ratio (+S.D.) between various clicks of ABR train in Sibling and Non-sibling groups. 
3.3 LLR Train 
In this section, the results for the LLR N1 and P2 amplitude and latency are presented. 
This section considers how these LLR components change with stimulus repetition, and 
how this is affected by position within a train of repeated stimuli. The LLR waveforms 
for a train of 4 tone stimuli are shown for one subject in Figure 17.  In addition, the 
familial resemblance of the LLR N1 and P2 are presented, comparing data for the Sibling 
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Pair group to the Non-sibling pair group. The results in this section address Research 
Question 2.  
 
 
Figure 17.  Sample LLR recorded from participant 5P01.  Four LLR complexes are 
marked, each consisting of one N1 and one P2 response. Stimulus onsets of the second, 
and fourth tones are represented by vertical lines at 450ms, 900ms, and 1350ms 
respectively.	  	  
 
3.3.1 Effects of Tone Position on N1 and P2 Latency and Amplitude 
A sample LLR Waveform series for subject 5P01 is shown in Figure 17. Figure 17 
demonstrates that for subject 5P01 the latency of N1 remains relatively stable with tone 
position, while the amplitude decreases from the first to the second tone, and then 
remains relatively stable over the remaining two tones. Participants’ data was averaged 
over the entire group (n=24) to confirm group trends in absolute amplitude with respect 
to tone position in the train. Absolute N1 amplitude and latency, and changes in these 
parameters were analyzed as a function of stimulus position within a train of 4 tones.   
Mean latencies and amplitudes were calculated for N1 (Figures 18 and 19) and P2 
(Figures 21 and 22) to each tone position in the stimulus train.  Mean absolute N1 latency 
data, averaged separately for the Sibling and Non-sibling groups is shown in Figure 18.  
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Participants’ data was also pooled over the entire group to confirm group trends in 
latency shift with respect to tone position in the train of stimuli. When comparing N1 
latency between the Sibling group and Non-sibling group (Figure 18), it is evident that 
the two groups exhibit a very similar pattern across the stimulus train.  In terms of 
adaption to repeating tones, the N1 latency remains relatively stable between tones of the 
stimulus train. 
 
 
 
Figure 18. Mean absolute N1 latency.  Mean N1 latency (+S.D.) for the separate sibling 
pairs and non-sibling controls (upper) and for the entire population (n=24) (lower) to 
each stimulus position in the tone train. 
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The absolute N1 amplitude in response to repeating stimuli was also evaluated.  As 
shown in Figure 19, when N1 mean amplitudes to each stimulus in the LLR train were 
averaged between all subjects (n=24), amplitudes were found to decrease with tone 
position. After tone 2, the amplitude does not decrease further to subsequent tones in the 
train. 
The largest N1 amplitude was measured at the first tone of the train. The N1 amplitude 
deceases for second tone in the train, after which the  N1 amplitude was found to plateau.     
To investigate the change of N1 amplitude with respect to tone position, amplitude ratios 
were also calculated by dividing the amplitude of the second (S2), third (S3), and fourth 
(S4), by the amplitude to the first tone (S1). Figure 20 shows the average amplitude ratios 
(S2/S1, S3/S1, S4/S1) for  the sample population.  It can be seen that these amplitude 
ratios do not change between tone position, confirming that when results are averaged for 
the entire sample, in order to view the N1 decrement pattern, the N1 amplitude decrement 
occurs between the first and second tones of the train. Individual differences can vary 
from this general pattern however, and are provided in Appendix G.  
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Figure 19. Mean absolute N1 amplitudes. Mean N1 amplitudes (+S.D.) for the separate 
sibling pairs and Non-sibling controls (upper) and for the entire population (n=24) 
(lower) to each stimulus position in the tone train.   
 
 
 
45 
 
 
Figure 20. Mean N1 amplitude ratios. Mean N1 amplitude ratios (+S.D.) for the 
separate sibling pairs and non-sibling controls (upper) and for the entire population 
(n=24) (lower) to each stimulus position in the tone train. 
 
Latency and amplitude data for the second positive peak, P2 were also evaluated. Mean 
P2 latency data, averaged separately for the Sibling and Non-sibling groups, is shown in 
Figure 21. Results are generally similar for both groups. In Figure 22, the absolute P2 
amplitudes for individual tones in the stimulus train are shown. The largest P2 amplitude 
was measured at the first tone of the train and the P2 amplitude decrement occurs 
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between the first and second tone  with little change in the P2 amplitudes to the second, 
third and fourth tone.  
To compare P2 decrement with respect to tone position, P2 amplitude ratios were 
calculated by dividing the amplitude to the first tone (S1) in the train by amplitudes to 
each subsequent tone (S2, S3 and S4). Figure 23 shows amplitude ratios averaged across 
the entire population, as well as averaged across Sibling and Non-sibling groups.  Similar 
to the N1 amplitude ratios shown in Figure 20, P2 group mean amplitude ratios across 
tone position did not change after the second tone, thus confirming that the P2 decrement 
occurs between the first and second tone of the train. Individual patterns in the amplitude 
decrement for P2 also vary and can be reviewed in Appendix I.  
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Figure 21. Mean absolute P2 latencies. Mean P2 latency (+S.D.) for the separate sibling 
pairs and non-sibling controls (upper) and for the entire population (n=24) (lower) to 
each stimulus position in the tone train. 
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Figure 22. Mean absolute P2 amplitudes.  Mean P2 amplitudes (+S.D.) for the separate 
sibling pairs and non-pair controls (upper) and for the entire population (n=24) (lower) to 
each stimulus position in the tone train. 
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Figure 23. Mean P2 amplitude ratios. Mean P2 amplitude ratios (+S.D.) for the 
separate sibling pairs and non-sibling controls (upper) and for the entire population 
(n=24) (lower) to each stimulus position in the tone train. 
3.3.2 Effects of Tone Position on N1and P2: Familial Resemblance  
N1 amplitudes to each tone were compared among siblings and non-siblings.  Amplitudes 
for each subject in the pair were plotted against one another and the intrapair correlation 
coefficients were calculated for Siblings compared to Non-sibling pairs.    
50 
 
There is preliminary evidence to suggest familiality of the N1 amplitude, as sibling pairs 
exhibit a trend for stronger correlations for N1 amplitude compared non-sibling pairs.  
These differences between intrapair correlations do not reach statistical significance, as 
shown in Table 5.  However, once again outliers influence these results and so the results 
must be interpreted with extreme caution.   
With a greater sample size, the trend for a stronger correlation among siblings compared 
to non-siblings could be evaluated.  
P2 amplitude ratios were also averaged in both Sibling and Non-sibling groups (Figure 
23).  The amplitude ratios between the Sibling group and Non-sibling group did not differ 
significantly for amplitude ratio for any tone (p>0.05).  
 
 
. 
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Figure 24. Absolute N1 Amplitude in sibling and non-siblings pairs. Scatterplots 
show the relationship between sibling pairs (left) and also between unrelated matched 
control pairs (left).  Top to Bottom: Comparison to the 1st, 2nd, 3rd and 4th tone in the LLR 
train. 
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Table 5. Pearson correlation coefficients of N1 amplitude to tone position in Sibling 
and Non-sibling pairs. 
 
3.4 The Relationship between the ABR and LLR  in 
Sibling and Non-Sibling groups 
In this thesis, Research Question 3 concerns the intrasubject relationship between the 
ABR and LLR and how this relationship between brainstem and cortical activity varies 
within families and unrelated controls.  Analyses of the correlations between ABR Wave 
V and the LLR N1, and between the ABR Wave V and P2 were conducted by first 
separating group data into subgroups of Siblings (n=12) and Non-siblings (n=12). One set 
of analyses concerned the absolute LLR component latencies and amplitudes for the first 
stimulus in the stimulus train. The second set of analyses concerned the maximum 
latency shift or amplitude decrement that occurred to stimuli within the train using 
latency shift and amplitude ratio data, as described in previous sections.  The results are 
presented in Tables 6-9.  
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3.4.1 The Relationship between AEP latencies: ABR Wave V and 
LLR N1 and P2 
Correlation coefficients for absolute AEP latencies can be found in Table 6.  Absolute 
Wave latency is compared to absolute N1 latency, and also to absolute P2 latency, 
separately for the Sibling and Non-sibling groups.  A similar set of correlation 
coefficients for AEP maximum latency shift, with respect to any stimulus in the train, can 
be found in Table 7. The absolute latencies are used to evaluate the typical ABR Wave V 
and LLR N1 and P2 amplitudes, while the latency shifts are used to evaluate the adapted 
response that occurs with a train of repetitive stimuli (clicks for the ABR and tones for 
the LLR).   
 
Table 6. ABR/LLR correlation of latencies to stimulus 1 in train. Pearson 
correlation coefficients (r) and their respective p-values were calculated between 
ABR and LLR measurements in the Sibling group (n=12) and Non-sibling group 
(n=12).  
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Table 7. ABR/LLR correlation of maximum latency shift to any stimulus in train. 
Pearson correlation coefficients (r) and their respective p-values were calculated 
between ABR and LLR measurements in the Sibling group (n=12) and Non-sibling 
group (n=12). 
There was no significant correlation between ABR Wave V latency and LLR N1 and P2 
latency in both the Sibling group and Non-sibling group.  No significant correlation was 
also found between maximum Wave V latency shift and maximum LLR N1 and P2 
latency shift. Therefore, overall, there was no correlation found between ABR Wave V 
latency measurements and LLR N1 and P2 latency measurements. 
3.4.2 The Relationship between AEP amplitudes: ABR Wave V and 
LLR N1 and P2 
Correlation coefficients for absolute AEP amplitudes can be found in Table 8, and for 
AEP amplitude decrements within a train of stimuli in Table 9.  The absolute amplitudes 
are used to evaluate the typical LLR N1 and P2 amplitudes, while the amplitude ratios are 
used to evaluate the adapted response that occurs with a train of repetitive stimuli (clicks 
for the ABR and tones for the LLR).   
Table 8 presents correlation coefficients between absolute Wave V amplitude to N1 and 
P2 amplitudes for the Sibling and Non-sibling groups, measured in response to the first 
stimulus in their respective trains. There was a significant correlation (r=0.594, p=0.047) 
found between the ABR Wave V amplitude to the first click in the train and the N1 
amplitude to the first tone in the Sibling group. Results of this correlation can be seen in 
the scatterplot presented in Figure 24. Similarly, a significant correlation (0.728, 
p=0.00731) was found in the Sibling group between ABR Wave V amplitude to the first 
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click and the P2 amplitude to the first tone. Results of this correlation can be seen in 
Figure 25.  In Figures 24 and 25, the individual sibling pairs are also indicated by 
connecting lines in the Sibling group scatterplots, while the matched, unrelated controls 
are indicated by similar connecting lines in the Non-sibling scatterplots. These graphs 
visually represent the increased correlation among the Sibling group compared to the 
Non-sibling group.  Sibling pair data in both figure 24 and 25, are closer to one another, 
as well as all demonstrating a positive correlation to one another.  Non-sibling data, 
however, appears to be more random as pairs exhibit both positive and negative 
correlations. 
 Correlation coefficients of ABR Wave V and LLR N1 and P2 maximum amplitude 
decrement to any stimulus of the train in Sibling and Non-sibling groups can be found in 
Table 9. No significant correlation was found between ABR Wave V and LLR N1 and P2 
maximum amplitude decrements. 
 
 
Table 8. ABR/LLR correlation of amplitudes to stimulus 1 in train. Pearson 
correlation coefficients (r) and their respective p-values were calculated between 
ABR and LLR measurements in the Sibling group (n=12) and Non-sibling group 
(n=12). Asterisks (**) represents p<0.05. 
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Table 9. ABR/LLR correlation of maximum latency shift to any stimulus in train. 
Pearson correlation coefficients (r) and their respective p-values were calculated 
between ABR and LLR measurements in the sibling group (n=12) and Non-sibling 
group (n=12).    
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Figure 25. Pearson Correlation Coefficients for Wave V absolute amplitude versus 
absolute N1 amplitude in response to the first stimulus of train for Siblings and 
Non-siblings. Data points for pairs (sibling pairs in the left graph; matched 
unrelated control pairs in the right graph) are connected with lines. 
 
Figure 26. Pearson Correlation Coefficients for Wave V absolute amplitude versus 
absolute P2 amplitude in response to the first stimulus of train for Siblings and Non-
siblings. Data points for pairs (sibling pairs in the left graph; matched unrelated 
control pairs in the right graph) are connected with lines. 
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4 Discussion 
Auditory evoked potentials measured by averaging the brain’s electrical activity to sound, 
include subcortical responses originating from the brainstem (ABR), and late-latency 
responses (LLRs) from the cortex.  AEPs, particularly the LLR, are now being used as 
physiological phenotypes of auditory system function, to investigate the neurobiology of 
various disorders. Investigations into familial resemblance and hereditary, as well as 
genetic linkage and genome studies in affected pedigrees and populations now use AEPs 
to study underlying molecular mechanisms.  Few studies have examined the familial 
resemblance of AEPs in healthy populations, especially the ABR, or whether components 
of the ABR and the LLR correlate with one another (Maruthy & Mannarukrishnaiah, 
2008; Parbery-Clark, Marmel, Bair, & Kraus, 2011). Disorders affecting the auditory 
system are heterogeneous in etiology and clinical presentation, and are influenced by 
genetic and environmental factors and their interactions. Because even healthy 
individuals are subjected to these variable genetic and environmental influences, it is 
important to consider AEP inter-individual differences in this population.  Adaptation of 
AEPs during stimulus repetition, especially when stimuli are presented at high rates, can 
be used to investigate the variation in processing that occurs when the nervous system is 
stressed to function near the upper limits of normal function (for example, at or above the 
normal firing rate of individual auditory neurons).  Adaptation can be dissected by 
assessing how neurophysiological responses change over time when a stimulus is 
repeated. High stimulus repetition rates, and also stimulus trains, for example click or 
tone trains, are used to assess adaptation at the brainstem and cortical levels in the 
auditory system.  The resulting AEP profiles can then be used to also investigate whether 
these response properties demonstrate a familial resemblance.  In this thesis, protocols 
using high stimulus rates (ABR) and stimulus trains were employed to investigate the 
response changes in both the LLR and the ABR.  The relationship between the brainstem 
and cortical level responses were also compared to determine whether there are shared 
relationships at different levels of the auditory system, and whether characteristics of 
these AEPs are familial. 
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4.1 ABR Findings 
4.1.1 ABR Adaptation: Use of High Stimulus Rates and 
Click Trains 
It has been previously found that as stimulus rate increases, latency of the ABR wave V 
increases, while its amplitude decreases (R. Burkard, 1991; Leung, Slaven, Thornton, & 
Brickley, 1998; J. L. Stone et al., 2009). This current thesis found evidence to support 
these previous studies (see Figures 7 and 8).  The results support the notion that as 
stimulus rate increases, the efficacy of synaptic transmission and/or neuronal firing 
decreases. As the stimulus rate approaches the rate of refractoriness of auditory neurons, 
the amplitude decrement and latency shift becomes more apparent. The results of this 
thesis found that all participants had an ABR Wave V present at the highest stimulus rate 
of 976.6 clicks/s, but the response was significantly reduced in amplitude and latency was 
prolonged.  The fact that a Wave V could be consistently elicited at this high rate 
suggested that high rate ABR stimulus rates using CLAD could be used in future studies 
of auditory disorders, in order to investigate the efficacy of the firing of neurons at close 
to the refractory period.  
When presented with a train or clicks in order to induce neural adaptation, the ABR wave 
V latency tends to increase from the first to the second click, and second to the third 
click, and then stabilizes from the third click onward, with latency shifts becoming 
significantly different between the first and third click in the click train. The results of 
this current study support previous findings (Polyakov & Pratt, 2003). ABR Wave V 
latency was found to increase with increasing click position; however by the fourth click 
in the train, the latency plateaus (See Figure 12).  Therefore these results confirm that an 
ABR stimulus train can be used to study the adaptation pattern of the ABR, as it develops 
over time. Again, this protocol could be particularly useful for studying disordered 
populations with dysfunctional synaptic transmission or neural firing at subcortical levels 
in the auditory system.  In future, it would be useful to collect a standard ABR to match 
the stimulus rate of the ABR train used, in order to test for latency differences between 
responses to later clicks of the train, and the latency results obtained using a standard 
ABR averaging protocol.  It would be hypothesized that if the plateauing of latency was 
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occurring by the fourth click, then the latency of the fourth click in the train would not be 
significantly different from that of the standard ABR measured at the same rate. 
4.1.2 ABR: Individual Differences and Familial Resemblance 
The synaptic delay between inner hair cells and auditory nerve fibers, as well as the 
neural conduction time throughout the central auditory system, may be influenced by 
genetic factors. Since genetic variations may affect neural firing, synaptic transmission or 
conduction along the auditory pathway, it was hypothesized that there may be individual 
differences in the ABR within the normal hearing population.   It was also hypothesized 
that such differences in ABR latency or amplitude may exhibit familiality, in that the 
ABR may be more similar in family members than non-family controls.  
Several genes that affect hearing thresholds or the ABR, in both human and animal 
models have been implicated in neural firing patterns, synaptic transmission and/or 
brainstem conduction (Friedman et al., 2009).  For example, GRM7 is a gene associated 
with age related hearing impairments which encodes a portion of a glutamate receptor 
expressed in hair cells and spiral ganglion cells of the inner ear (Friedman et al., 2009). 
The afferent neurotransmitter glutamate has been found to be responsible for the synaptic 
transmission of the inner hair cells, and variations in GRM7 may contribute to variations 
in glutamate receptor function, and have been associated with age-related hearing loss 
(Friedman et al., 2009). Another example of a gene associated with auditory neuropathy 
and therefore an altered ABR is OTOF.  OTOF, the gene encoding the otoferlin protein is 
expressed in the cochlea, vestibule and brain (Yasunaga et al., 1999). Mutations in OTOF 
have been associated with non-syndromic hearing loss, with several individuals 
possessing the clinical phenotype of having normal cochlear function, but abnormal ABR 
(Rodriguez-Ballesteros et al., 2003). These are some examples of genes found to be 
responsible for absent or altered ABR in non-syndromic hearing losses. Many genes have 
been discovered to be responsible for the altered ABR associated with auditory 
neuropathy spectrum disorder (ANSD). These genes include AUNA1, PCDH9, PJVK and 
AUNX1 (Manchaiah, Zhao, Danesh, & Duprey, 2011). Numerous others contribute to the 
development of neural wiring patterns, synaptic transmission and ion channel structure 
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and function, as revealed through animal models. Preliminary data from this study does 
reveal individual differences in the ABR V and how this parameter changes under 
different stimulus recording conditions. However, the results do not provide strong 
support for familiality for the ABR, using the methods employed (Research Question 1). 
However, this may be related to the sample size. It is extremely difficult to interpret the 
influence of data points that may be outliers, or alternatively, simply appear as outliers 
because of the small sample size.  In some of the ABR analyses, such points appear to be 
responsible for a significant correlation coefficient (Figure 15); in other ABR analyses, 
the outliers may have had the opposite effect (see Figures 9 and 10). We believe it is still 
important to investigate subcortical measurements when attempting to answer questions 
about genotype-phenotype correlations, as previous research suggests that there is several 
genes found to affect the ABR. Since there are several genetic components responsible 
for neuronal firing and synaptic transmission in the auditory brainstem, it is perhaps 
understandable why the ABR is not sensitive enough to test for differences among all 
these components simultaneously in a sample of sibling pairs or unrelated controls.  In 
future genotype-phenotype studies involving the ABR, researchers could limit the 
number of these genetic components being studied, by focusing on the differences in the 
ABR in a more homogeneous study sample.   That is to say, the ABR of individuals 
carrying a specific genetic variation should be compared with individuals carrying 
another variation in the same gene. This approach was successfully used for the COMT 
gene and the N1 amplitude decrement (Majic et al., 2011)  
No other studies have addressed familiality or heritability of the ABR in either normal or 
disordered populations, with the exception of a study of ABR measures in autistic 
children and their unaffected relatives (Maziade et al., 2000). It was discovered that inter-
peak latencies were greater in autistic children and their unaffected family members when 
compared to unrelated, normal controls. Making an effort to record Wave I consistently, 
and measuring interpeak latencies rather than absolute Wave V latency as was done in 
this study, may be more sensitive and reveal familiality for the ABR in a normal hearing, 
healthy study sample.  
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4.2 LLR Findings 
4.2.1 LLR N1 Decrement  
It is important to understand the inter-individual differences associated with the LLR and 
how this response changes to repeated stimulation, as this evidence may contribute to our 
understanding of the neural mechanisms responsible for adaptation and fatigue at the 
cortical level.  This thesis evaluated the decrement of the N1 and P2 amplitudes between 
the first and second tone of the train (Research Question 2).  The observed decrement 
pattern, when mean N1 and P2 amplitudes and amplitude ratios were considered, is 
consistent with previous literature using repeating stimuli (Budd, Barry, Gordon, Rennie, 
& Michie, 1998). Following the second tone, the mean amplitude decrement did not 
change over the course of the next two stimuli in the train for either the N1 or P2 
components.   
In addition to the group mean data, inter-individual differences were also considered by 
evaluating the intrapair relationships in the Sibling and Non-sibling groups. Using this 
approach it was possible to consider not only inter-individual differences and how they 
vary, but also whether familial resemblance exists when these matched siblings and 
unrelated pairs were evaluated. Since N1 amplitude has been found to exhibit heritability 
(Eischen & Polich, 1994), it was expected that siblings in this study would exhibit a 
greater similarity in their N1 amplitudes and also in their N1 decrement patterns. When 
looking at the relationship between Sibling and Non-sibling groups (Figure 24), for the 
N1 amplitude decrement, there appears to be a stronger correlation in sibling pairs than in 
unrelated control subject pairs, although there is no statistically significant difference.  
Although limited by sample size, the correlation between sibling pairs for N1 amplitude 
is higher than the correlation between Non-siblings for responses to all four tones (Figure 
24).  There appears to be one sibling pair as an outlier that may possibly be causing the 
lack of statistical difference of intrapair correlations of Sibling and Non-sibling groups.  
It is expected that occasionally there will be a sibling group who differs quite 
substantially with respect to AEP measurements.  It would be proposed that these siblings 
do not share the same genetic makeup responsible for the AEP profile. It is also important 
to note not only the correlation between sibling pairs, but also the slope of the regression 
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line.  There appears to be a 1:1 ratio developing among sibling pairs for N1 amplitude in 
response to the first and third tones. 
These findings are consistent with previous research investigating the heritability of 
AEPs (Anokhin, Vedeniapin, Heath, Korzyukov, & Boutros, 2007). Familial resemblance 
has been reported for the N1 decrement pattern in healthy twins (Anokhin, Vedeniapin, 
Heath, Korzyukov, & Boutros, 2007). Amplitudes were converted into a ratio by dividing 
the amplitude of the second stimulus by the first. Twin pairs were discovered to have a 
heritable N1 sensory gating trait (Anokhin, Vedeniapin, Heath, Korzyukov, & Boutros, 
2007).  With an increased sample size, it would be possible to confirm whether the trends 
observed in the thesis results are real.  However, even if a familial relationship exists in 
the sibling pairs, it is still anticipated that the correlation between siblings would not be 
as significant as that reported for monozygotic twins, given the difference in their genetic 
makeup. Rather it is hypothesized that sibling pairs would behave similarly to dizygotic 
twins, and those pairs that varied substantially in their N1 or P2 amplitudes would be 
those who do not share the same genetic variations. Of course, even for those who do 
share similar genetic alleles, differences in environmental influences could play a 
significant role. In this thesis, an attempt was made to control this effect to some extent 
by evaluating musical experience. 
4.3 The Relationship between the ABR and LLR  
To date few studies have recorded AEPs at both the brainstem (ABR) as well as the 
cortical level (LLR) in the same individual, in order to identify whether poor auditory 
processing is affecting specific regions of the auditory pathway. This thesis contributes 
original research (Research Question 3), in that the familial resemblance of this 
relationship between brainstem and cortical activity was considered. 
AEP changes to repeated stimuli were used to compare ABR to LLR results, and 
determine whether there were differences between siblings and unrelated control 
subjects. The question asked was whether these changes are more similar in siblings than 
in a matched, unrelated control population.  Significant relationships were found between 
the absolute ABR V amplitude and the absolute N1 amplitude, and also between the 
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absolute ABR V amplitude and the absolute P2 amplitude.  However, the relationship 
between the ABR Wave V maximum decrement and cortical N1 decrement evoked by 
repeated stimuli in a train was not significant (see Table 4). No significant relationship 
was found between ABR Wave V latency and LLR N1 and P2 latency (see Table 6). 
Likewise, maximum ABR Wave V latency shift and maximum LLR N1 and P2 latency 
shift were not significantly correlated (see Table 7). It is important to do further research 
into these findings before making any conclusions, because of the limited sample size 
used in this thesis.  This research is relevant because both the cortical and subcortical 
measurements must be used to identify any potential differences at different levels of the 
auditory system. Investigations of both the subcortical and cortical processing in the 
auditory system would aid in answering a wider variety of questions regarding the neural 
substrates (Maruthy & Mannarukrishnaiah, 2008, Parbery-Clark, Marmel, Bair, & Kraus, 
2011).    Research of early onset otitis media (OM) discovered that children who had OM 
exhibited not only smaller ABR component amplitudes, but also had decreased LLR 
latencies, compared to healthy controls (Maruthy & Mannarukrishnaiah, 2008).  This is 
an example of a study that utilizes AEPs at both subcortical and cortical levels to fully 
understand the profile of the illness. It is suggested that a similar practice be used for 
future research into genetic research studies, particularly those that use intermediate 
“endophenotypes”, as the disorder may induce measureable differences at both the 
subcortical and cortical level.  
In conclusion, the results of this thesis suggest that there may be some evidence to 
support a familial resemblance when the ABR-LLR relationship is considered.   
However, additional data using a larger sample is necessary given the outliers in the 
sample, and the use of multiple data analyses.  
4.4 Relevance to Clinical Research – Heritability of 
AEPs in Disordered Populations 
Auditory perceptual deficits have been reported in many different types of clinical 
disorders, and electrophysiology, magnetoencephalography and neuroimaging methods 
have been used in many of these research studies in an attempt to better understand how 
the auditory system is affected by these disorders. The EEG and cortical level event 
65 
 
related potentials (ERPs), including AEPs, exhibit heritability in both disordered and 
healthy populations, indicating that genes influence how an individual’s auditory system 
responds to sound at the thalamic and cortical levels.  On the other hand, the heritability 
for electrophysiological responses generated by the auditory brainstem has not been 
studied thoroughly, although the ABR does exhibit abnormalities in various clinical 
populations (Maruthy & Mannarukrishnaiah, 2008).  
It is a common finding that AEPs are altered in developmental conditions, psychoses, and 
populations with neurological and cognitive disorders.  Furthermore, these AEP changes 
have been found to be heritable within many disordered individuals and their relatives, 
such as schizophrenia (Turetsky et al., 2008a) and those with Alzheimer’s disease (Golob 
et al., 2009).  The N1, P2, N2 and P3 response amplitudes and latencies have been found 
to be heritable in healthy families (Eischen & Polich, 1994)  , suggesting a genetic 
underpinning which may be partially responsible for the variation in amplitude and 
latencies among the normal population. It has been discovered that there are genetic 
influences on these LLR latencies and amplitudes among first-degree relatives of 
individuals diagnosed with psychiatric disorders such as schizophrenia (Adler, Freedman, 
Ross, Olincy, & Waldo, 1999)   and neurological disorders such as familial Alzheimer’s 
disease (Golob et al., 2009). This evidence for heritability of AEPs among first-degree 
relatives of the disordered population suggests that AEPs may be used as biological 
markers known as endophenotypes. Sensory gating, indicated by abnormal auditory 
evoked potential responses to repeated stimuli, has also been extensively studied in 
patients diagnosed with schizophrenia and their first-degree relatives (Turetsky et al., 
2008a). It was found that in both patients and their relatives, N1 amplitude was smaller to 
the first stimulus, and larger to the second when compared to a non-related/non-
disordered control population (Turetsky et al., 2008a). 
Language and learning disorders are also transmitted in families in a complex manner; 
and thus exhibit heritability (Bishop & Hayiou-Thomas, 2008).    However, no studies 
have yet examined whether the abnormal brainstem or cortical N1 electrophysiological 
activity found in children with language and learning disabilities are also heritable in 
these disordered populations. 
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In summary, the evidence in the current literature clearly supports heritability of AEPs 
within relatives of disordered populations, as demonstrated in both twin and first-degree 
relatives of affected patients. For this reason, different AEPs, particularly the LLR have 
been proposed as endophenotypes, responses that exhibit both heritability and also are 
representative of a disordered biological trait (a biomarker).  Endophenotypes are 
measurable traits that are representative of underlying biological pathways, and therefore 
serve as biomarkers of a specific trait or feature in a disordered population. There are 
certain criteria that have been outlined in order for a biomarker to be deemed as a useful 
endophenotype. The endophenotype must be associated with, or co-segregate with an 
illness, it must be heritable and it must be measureable even when the illness is in 
remission (Gershon & Goldin, 1986). Endophenotypes can be behavioural or physical 
features that characterize the population under evaluation. An endophenotype must be 
measurable not only in a disordered population, but also in first-degree relatives of 
affected patients. Because they are heritable endophenotypes can be used to study 
possible genetic aspects of a particular trait or disorder, and to better understand the 
underlying molecular-genetic mechanisms.  Endophenotypes are often considered to be a 
more robust phenotype than clinical features or clinical diagnoses. Endophenotypes may 
therefore be useful as biological markers of a disorder and can be measured in an 
individual to help determine functional biological differences between individuals.   
LLRs have been used as endophenotypes (also known as intermediate phenotypes) to 
better understand the underlying biological mechanisms responsible for the heritability of 
altered neural activity in individuals diagnosed with various disorders such as 
Alzheimer’s disease (Golob et al., 2009), schizophrenia (Harell, Englender, Demer, 
Kimhi, & Zohar, 1986), (Rosburg, Boutros, & Ford, 2008), (Turetsky et al., 2008b) and 
bipolar disorder (Lijffijt et al., 2009). Although research into the use of the ABR as an 
endophenotype is fairly limited, the use of the ABR as an endophenotype for autism is 
promising (Maziade et al., 2000). In summary, the current, rather limited evidence 
suggests that long latency AEPs absolute amplitudes and the decrement patterns of these 
potentials appear to be heritable. This is demonstrated by stronger N1 amplitude 
correlation between twins and family members compared to unrelated control subjects. 
Together these results suggest that the auditory LLR, and possibly the ABR, may be a 
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useful physiological endophenotype, reflecting the underlying auditory neurobiology, and 
closer to genetic mechanisms than clinical measures of auditory processing. The results 
of this thesis provide some preliminary support for the familiality of the relationship 
between the ABR V and LLR absolute amplitudes of N1 and P2, with significantly 
higher correlations observed for healthy siblings compared to unrelated controls...  
In future, research designs should include healthy relatives as controls, to ensure that any 
similarities in AEPs between disordered populations and their relatives is a characteristic 
of a shared genetic component of the disorder and not due to other factors influencing the 
response. One theory of complex diseases proposes that disorders arise from the 
combined effects of multiple genetic polymorphisms, rather than rare mutations, in other 
words genetic variants that are occur relatively frequently within the normal healthy 
population. 
4.5 Limitations of Study  
The difference between heritability and familiality is that heritability suggests differences 
between individuals are due to genetic differences, whereas familiality simply measures 
how similar measurements are in family members. Familiality may suggest differences in 
endophenotypes are due to genetic differences; however familiality may also indicate that 
differences in endophenotypes are due to other familial traits, such as a common 
environment. It is important to note the limitations of investigating the familiality of 
traits, as it cannot be certain that familial similarities are entirely due to genetic 
similarities. We are interested in whether the heritability of AEPs in affected individuals 
and their first-degree relatives are specific to disordered populations, or whether heritable 
AEP variation is also found in the non-disordered population. In the future, measuring 
responses in healthy identical twins would allow for a greater analysis into the potential 
heritability of AEPs.  Since identical twins are more-or-less genetically identical, any 
differences between monozygotic identical twins and fraternal dizygotic twins would 
suggest that their shared AEP features are due to shared genetics variations.  Dizygotic 
twins, or siblings, are included in these designs because it is important to consider the 
environmental factors that must also be taken into consideration for any study 
investigating AEP heritability.  
68 
 
Another limitation of the current study is the sample size.  With a pooled sample size of 
24, our analysis of the population data, as well as Sibling and Non-sibling groups 
confirms previous research on ABR wave V latency and amplitude changes to stimulus 
rate and click position. As well previous research into the N1 decrement in response to 
repeating stimuli was confirmed. However, with only six sibling pairs in this study, data 
analysis of family resemblance of AEPs must be interpreted with extreme caution. Data 
of the siblings was plotted and visually inspected as a preliminary investigation into any 
evidence for familiality. The correlation coefficients were suggestive of possible 
familiality of AEPs.  However, outliers can significantly influence the outcome and were 
present in our sample size. Furthermore, multiple correlations increase the possibility of 
finding positive correlations where none exist. It would be suggested that several more 
sibling pairs be included into the study to confirm the suggested familiality of the N1 
amplitude.  
4.6 Summary 
Due to the lack of research on the familiality of AEPs in the normal population, this 
thesis focused on measuring AEPs within non-disordered siblings to investigate the level 
of familiality within the normal population. Why is familialty of AEPs in the normal 
population of interest?  Auditory LLRs are now being used as endophenotypes in 
disordered populations for gene discovery.  However, if LLRs exhibit significant inter-
individual variability in a healthy population, and show familialty, as a few studies 
suggest, their application as disorder-specific endophenotypes should be used with 
caution. The results of this thesis are also suggestive of familial relationships, particularly 
for the correlation between brainstem and cortical level responses. However, these results 
are preliminary and will require a larger sample size. If normal genetic variants do 
contribute to a familial response in the normal hearing healthy population, these effects 
may be small and difficult to detect.  On the other hand, if genetic variation does 
contribute to AEP variability, and some of this variance is accounted for by familiality, 
then there are important implications for the use of AEPs as endophenotypes. In future, 
studies that address AEP heritability in disordered families should include a control group 
of matched, healthy families, unrelated to the affected families, rather than a control 
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group of unrelated individuals   Studies in healthy families will help to determine whether 
the heritability of LLRs discovered in disordered populations and their normal first-
degree relatives is in fact a feature of the disordered trait that is genetically shared among 
family members, rather than an inherited form of normal variability in AEPs that exhibit 
considerable inter-individual variability.   
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Appendices 
Appendix A: Participant History Questionnaire. Each participant was asked to fill 
out a participant history questionnaire to determine candidacy into the study. 
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Appendix B: ABR Wave V Amplitude in sibling and non-sibling pairs to CLAD 
protocol. Younger subject’s data is on left, older subject’s data is on right. 
Sibling Pairs 
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Appendix C: ABR Wave V Latency in sibling and non-sibling pairs to CLAD protocol. 
Younger subject’s data is on left, older subject’s data is on right. 
Sibling Pairs 
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Appendix D: ABR Wave V Amplitude in sibling and non-sibling pairs to ABR train 
protocol. Younger subject’s data is on left, older subject’s data is on right. 
Sibling Pairs 
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Appendix E: ABR Wave V Latency in sibling and non-sibling pairs to ABR train 
protocol. Younger subject’s data is on left, older subject’s data is on right. 
Sibling Pairs 
96 
 
 
Non-Sibling Pairs 
97 
 
 
98 
 
Appendix F: LLR N1 Latency in sibling and non-sibling pairs to LLR train protocol. 
Younger subject’s data is on left, older subject’s data is on right. 
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Appendix G: LLR N1 Amplitude in sibling and non-sibling pairs to LLR train protocol. 
Younger subject’s data is on left, older subject’s data is on right. 
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Appendix H: LLR P2 Latency in sibling and non-sibling pairs to LLR train protocol. 
Younger subject’s data is on left, older subject’s data is on right. 
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Appendix I: LLR P2 Amplitude in sibling and non-sibling pairs to LLR train protocol. 
Younger subject’s data is on left, older subject’s data is on right. 
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